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SECTION 1.0 


SUMMARY 


The Alternate Fuels Addendum to the Phase II Experimental Clean Com 
bustor Program was conducted to investigate the performance, durability, 
and pollutant emissions characteristics of current and advanced low-emissions 
combustors when operated with special test fuels that simulate broader 
ranges of combustion properties of petroleum or coal derived fuels. Five 
fuels were evaluated; conventional JP-5, conventional No. 2 Diesel, two 
different blends of Jet A and commercial aromatic mixtures - xylene bottoms 
and "naphthalene charge stock", and a fuel derived from shale oil crude which 
was refined to Jet A specifications The evaluations were conducted con- 
current with the Phase II Program in CF6-50 engine size combustor test rigs. 
The standard production CF6-50 combustor, a Radial/Axial Stages Combustor, 
and two Double Annular Combustor Configurations were evaluated for pollutant 
emissions, performance, altitude relight, and carboning/ flashback character- 
istics . 

Fuel effects were generally quite moderate but well defined and in the 
directions anticipated. Decreased hydrogen content (increased aromatic 
content) caused increases in CO, HC, N0 X , smoke emissions levels and peak 
liner metal temperatures. Increased final boiling point (reduced volatility) 
caused further increases in CO, HC and smoke emissions levels. The shale 
Jet A fuel had properties very similar to that of the JP-5 fuel except that 
it had a high nitrogen content which increased the N0 X emissions levels. 



SECTION 2.0 


INTRODUCTION 


. / n ° rde f to cope with diminishing domestic petroleum resources and to 
avoid excessive dependence on foreign supplies, it is essential and inevi- 
^ hat sub stitute fueis be developed, based on petroleum, shale oil, 
coal, or other domestically available resources. Aviation turbine fuels 
represent a significant fraction of total petroleum consumption and it L 
likely that in the future such fuels will be produced increasingly from 
nonpetroieum sources. The future availability of aviation turbine fuels 

fina? ,^ creas f d if fuel specifications, such as aromatic content and 
nal boiling point, were relaxed. However, this might result in penalties 
to engine performance, exhaust emissions characteristics and durability 
thus, requiring changes in component designs or materials. _!! 

large-scale production of aviation turbine fuels from shale or 
coal may be as much as 10 years away, the magnitude of the modifications 
required to aircraft turbine engine components and materials might be such 
thac a similar time is required to implement the technology into commercial 
aircraft. Therefore, in 1974, NASA initiated a series of programs ^Lfine 
problems and evolve solutions to permit the use of synthetic fuels as they 
become available and to guide the industry in establishing practical fuels 
Elec^i Ca Jh° nS *TT 0 r ° f , these P ro 6 ramK was an addendum to the NASA/Ceneral 
of thii report. Experimental C]ean Combustor Program, which is the subject 

Proor^YT^ 1 P ? rp0Se °f the biphase Experimental Clean Combustor 
Program is to develop and demonstrate technology for the design of advanced 

‘°l US r W±th f . s J 8n ^ fi ^ antl y lower pollutant exhaust emissions levels than 
those of current technology combustors, for use in advanced CTOL commercial 
aircraft engines. The NASA/General Electric program is specifically directed 
towards providing advanced combustors for use in the General Electric CF6-50 
engine. The Phase I Program was .pacifically directed towards screening and 
evaluating a large number and variety of combustor design approaches for 
obtaining low CO HC, N0 X and smoke emissions levels. Descriptions and 
results of these investigations are presented in Reference 1. The Phase II 
Program was specifically directed towards further developing the two most 
promising combustor design approaches from the Phase I Program to define and 

prov_.de a combustor design for engine demonstration testing in the Phase III 

Reference ^ Crlptl ° n9 and rGaults these investigations^" In 


desWd ^ t ? rnat ®, Fuels , Addendum to the p »««*e II Program was specifically 
designed to investigate the performance, durability, and exhaust emissions 

laracteristics of advanced low-emissions combustors when operated with special 
test fuels that simulate the broadened range of combustion properties of 
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synthetic or petroleum fuels with relaxed specifications. The special test 
fuels were selected to investigate the possible effect of relaxing the current 
.let A fuel specification to permit: 

a) an increase in the final boiling point,, and/or; 

b) an increase in the aromatic concentration (reduction_Ln_l^ulroften 
concentration) , 

The effort was conducted concurrent with the basic Phase II Program and 
included both performance and exhaust emissions tests of the current pro- 
duction CF6-50 combustor and two low-emissions combustor design approaches 
(Double Annular Combustor and Radial/Axial Staged Combustor). 


SHOT! ON 1 . 0 


TKST I'DKI.S 


Fi ve test fuels wore utilised in these evaluati mis s 

Mri.-T-.%24 firndc JP-5 Fuel (which meets the ASTM .let: A fuel 
specification) was used in these, and all other Phase IT Program 
evaluations. 

2* ASTM Grade No, 2-D Diesel Fuel was used in those evaluations to 
investigate the effects of increased final boiling point and in- 
creased aromatic content, 

3* Special Blend A Fuel (a blend of conventional Jet A fuel and mixed 
xylene compounds) was used to investigate the effect of increased 
aromatic content. Xylene bottoms" is a commercial, polycyclic 
aromatic obtained from the Ashland Oil Company. 

4. Spec.lal_ Blend B Fuel (a blend of conventional Jet A fuel and 

"naphthalene charge stock") was used to investigate the effect of 
increased aromatic content. Naphthalene charge stock is a commercial 
high boiling point aromatic mixture obtained from the Ashland Oil 
Company. 

5 * Sh ale Jet A Fuel . A fuel actually derived from shale oil crude and 
refined to Jet A fuel specifications was obtained for limited eval- 
uations from the pilot project described in Reference 3. 

The physical and chemical properties of these fuels are sumarixud in Table 1. 

The properties most influential on combustion characteristics are: 

!■ Hydrogen content which ranges from 12.2 to 13.7 percent by weight 
and varies inversely with aromatic content. 

2. Final boiling point which ranges from 529 to 607° K. 

3. Nitrogen content, which ranges from nearly xcro for conventional 
aviation fuels to 813 ppm by weight for the shale Jet A fuel. 
Generally , a large fraction of fuel hound nit rogen is converted 
to N0 X in a combustion process. If fully converted, 81.3 ppm of 
fuel bound nitrogen would produce a N0 X emission index of 2.b7 g/k y 
fuel. 
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Table I. Test Fuel Properties 
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SKCTION /|.0 


'Mionu/Ul VI, AN 


In I ho I uo I k ovnlunt inns , I h roe types of romhus r i on Lot; I ;; 

I. Detailed exhaust: emissions and performance evaluations fo fii.U - 
annular combustor configurations. 

2 ., Altitude re lip, lit evaluations of 60° sector combustor configurations. 

3, Parboiling and flashback evaluations of 12° sector configurations. 
Four comuustor configurations were evaluated: 

1. Standard production CF6-50 combustor. 

2. Radial/ Axial Staged Combustor Configuration R7. 

1. Double Annular Combustor Configuration D7. 

4. Double Annular Combustor Configuration D12/13. 

A listing of combustor tests, configurations, and fuels used is contained 
in Table It. 

This series of tests was conducted with the same apparatus and pro- 
cedures utilized in the basic Phase II Program and are briefly described 

in the following sections. Detailed descriptions are presented in Reference 
I and 2. 
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sec tion 3.0 


APPAKATI IS AND PROCEDURES 


3. I TKST I - AC i I.I TIKS 

'I'lii' (• xh aus t emissions ;in<l performance tests ware, conducted in a Full 
annular combustor test rig which exactly duplicates the aerodynamic flowpnth 
ainl envelope dimensions of the CF6-50 engine. The rip, was installed in a 
test cell equipped with an indirect- fired air heater and exhaust ductinp 
systems for high pressure operation. Engine idle operating conditions were 
exactly duplicated, but for CF6-50 engine takeoff simulation, combustor inlet 
pressures were limited to about 10 atm. included as part of this rig was 
an exit plane rotating rake assembly for obtaining outlet temperatures and 
pressures and for extracting gas samples. A cross-sectional drawing of the 
rig with a standard CF6-50 combustor installed is shown in Figure 1. A 
photograph of the exit rake traverse assembly is shown in Figure 2. The 
pas sampling rake locations and manifolding are shown in Figure 3. Fifteen 
ol tlie probe elements were manifolded together for gaseous analyses. Ten 
probes wore manifolded together for smoke analyses. Gas samples were 
obtained with the on-line system shown in Figure 4 and smoke samples were 
obtained with a standard filter paper method. Further details of the 
pollutant emissions measurement systems are presented in Reference 1. 

The altitude relight tests were conducted in a 60° sector combustor 
teat rig which also exactly duplicates the aerodynamic flowpath and envelope 
dimensions of the CF6-50 engine. This rig was installed in a test cell 
equipped with exhaust ducting systems and capabilities for simulating high 
altitude engine windmilling conditions. All of these tests were conducted 
with ambient inlet air and fuel temperature. A cross-sectional diagram and 
photograph of this rig is shown in Figure 5. 

The carboning and flashback tests were conducted in 12° sector rigs 
installed in a Lest cell equipped with an indirect- fi red air heater and 
exhaust ducting systems for high pressure operation. Engine takeoff con- 
ditions were simulated with combustor inlet pressures up to 18 atmospheres. 
Carboning tests evaluating the sectors of either the pilot or main stages 
ol the Double Annular Combustor on the pilot stage of the Radial/Axial 
Staged Combustor were conducted with the on-cup sector rig shown in 
figure b. Flashback tests foi the Radial/Axial Staged Combustor were 
conducted with a 12° sector rig shown in Figure 7. 


3 . 2 TEST COMBUSTORS 

'•'he first series of tests were conducted with a standard production 
(’ CO- ‘>0 combustor (Model G.16 , S/N 000395) for which extensive emissions and 
performance with -TP-5 fuel had been determined in a previous program. A 
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(b) Aft Looking Forward 


Figure 6. 12 " Sector Carboning Test Combustor (Concluded). 
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photograph of the combustor assembly Is shown In Figure », This combustor 
was desi gned for excellent performance and low smoke emissions character- 
istics, but not for low pas eons poll utant emissions charnel or Is Li cs , The 
combustor has 30 air swirlers and fuel noxxl.es . The odd numbered swirlers 
are equipped with dual-orifice fuel noxxlns which are always fueled. The 
oven numbered swirlers (except No. 14 which is midway between ignitors) are 
equipped with single-orifice fuel noxxl.es which are only fueled above idle 
power level and are matched so that all fuel noxxl.es flow the same at takeoff 
power level. Swirler No. 1.4 is always fueled with a special, dual-orifice 
fuel noxxle. In the test rigs, the fuel noxxles were connected to two 
independently metered and controlled fuel supply systems, so that the engine 
characteristics could be duplicated. Further details of the standard 
production CF6-50 combustor are presented in Reference 1. 

The second series of tests were conducted with the final Phase II Program 
modifications to the Radial/Axial Staged Combustor which was designated 
Configuration R7. A photograph of the combustor assemb ly is shown in Figure 
9. Configuration details are shown in Figure 10. The low emissions Radial/ 
Axial Staged Combustor design approach features a pilot stage sixed specifi- 
cally for idle power operation with all of the fuel supplied to it, thereby 
reducing CO and HC emissions levels. At the higher engine power operating 
conditions, the second or main stage is also fueled. This latter stage, 
which handles a high percentage of the airflow, is displaced both axially 
and radially from the pilot stage. 'Hie main stage fuel is premixed, to some 
degree, with its airflow. The fuel-air mixtures are lean and relatively 
uniform resulting in reduced N0 X emissions levels. The burning of these 
lean mixtures is stabilized by the pilot stage of the combustor. 

The third and fourth series of tests v.-cre conducted with the Double 
Annular Combustor which were designated Configurations D7 , I) 1.1 A, and D13, 

A photograph of the combustor assembly is shown in Figure 11. Configuration 
details are shown in Figure 12. The low emissions Double Annular Combustor 
design concept also features the use of a pilot stage designed specifically 
for idle power operation with all of the fuel supplied to it. A high per- 
centage of the combustion airflow is supplied to the main stage. However, 
in this design approach, the main stage is more conventional in that it is 
self piloting and utilixes direct fuel injection. Configuration D7 represents 
an interim modification to this combustor in the Plias: II Program; after- 
which the Double Annular Combustor design approach was selected for Phase 111 
Program engine demonstration. Configuration D12A closely simulates the 
engine combustor design including the use of prototype fuel injectors and 
air swirlers in the pilot stage. Configuration D13 combined D12A pilot 
stage features with a main stage dilution air scheme modified to provide a 
further reduction in high power N0 X emissions levels. 


5 . 3 TEST CONDITIONS AND PROCEDURES 


Hie test conditions employed in each type of test are shown in Table 111. 

Full annular rig tests were designed to measure the effects of fuel 
type on pollutant emissions, combustion efficiency, pressure loss, outlet 
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Figure 10, Kad t a 1 /Axi n 1 Staged Combustor Configuration Details. 
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temperature <lisl.rl.hut ion, and combustor mo-tnl temperatures. Tho combustors 
wo>-(> instrumented with up to 35 metal thormocoupj.os located ns shown in 
Pi j, uro 1 ;i . These tests were conducted nt simulated onf>:l.no idle and takeoi f 
conditions with variations in fuel-air ratio. A total of eight data points 
were, obtained with each test fuel. Tho tost fuels were stored in tanks 
adjacent to the test cell and connected so that fuel type could he changed 
during Liu* tests without shutting down the combustor. The test sequence 
was ns follows: 


] , Li ghtof f tho combustor with JP-5 fuel and set idle conditions. 


2. Run the four JP-5 fuel idle test points. 

3. Holding idle inlet conditions, change fuel type and run four 
fuel-air ratio test points. 


h. Repeat step 3 for each of the special test fuels. 

5. Change to JP-5 fuel and set takeoff conditions. 


6. Run the four JP-5 fuel, takeoff test points. 

7. Holding takeoff inlet conditions, change fuel type and run four 
fuel-air ratio points. 

8. Repeat step 7 for each of the special test fuels. 

9 . Change back to JP-5 fuel, run some check points at takeoff and 
idle, then shut down. 


This sequence was selected to minimize the quantities of special test 
fuels required and also to provide back— to— back evaluations of fuel effects. 
In each fuel change, sufficient time was allowed to completely purge the 
previous fuel from the control and metering systems. 


A1 titude relight tests consisted of determining combustor ignition and 
blowout limits over a range of operating conditions selected from the CF6-50 
('iif'inc altitude windmilling map with air and fuel flow rates scaled down 
for the 60° sector rig. ignition attempts were usually made at a simulated 
engine minimum fuel flow rate of 249 kg/hr. Wien the Ignition attempts were 
successful, pressure blowout and lean blowout limits were determined. The 
procedure was then repeated at progressively more severe conditions until the 
relight limits were mapped. Fuel type was then changed and the procedure 
repealed. 


Cnrboning tests in the 12° sector rig were conducted after each con- 
figuration had undergone a standard test cycle and posttest inspection as 
part of the Phase 11 Program. The configurations were reinstalled, operated 
at simulated takeoff conditions for one hour with JP-5 fuel and an additional 
hour with the lUend B fuel, during which smoke emissions data were obtained. 
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Double Annular Combustor 


Figure 13. Combustor Metal Temperature Instrumentation Locations. 



Flashback tests of the Radial/Axial Staged Combustor in the 3 2® sector 
rig were designed to do.termlne where and if upstream burning lu the main 
stage preinixlng passage occurs. The sector was Instrumented to measure 
pressure loss, flameholder metal temperatures and gas temperatures in the 
premixing passage. Progressively more severe operating conditions were 
set until either the facility limits were reached or upstream burning 
occurred. Flashback testing was conducted with both JP-5 and blend B fuel. 


SECTION 6.0 


V 


RESULTS AND DISCUSSION 


Detailed results for each test are tabulated in Appendix A. Key 
results are summarized in Table IV. 

Effects of fuel type on exhaust emissions and combustor peak metal 
temperature levels for each combustor configuration are illustrated in 
Figures 14 through 21. 'The effects of fuel hydrogen content (Up) and final 
boiling point (T B ) were assessed by curve-fitting these results with a fuel 
property correction factor of the formt 



Results of this analysis are summarized in Table V and illustrated in Figures 
22 through 28. 

6.1 CO AND HC EMISSIONS 

CO and HC emissions levels at idle operating conditions were highly con- 
figuration and fuel-air ratio dependent as illustrated in Figures 14, 16, 18, 
and 20. The standard production combustor produced the highest emissions levels 
and the Double Annular Combustor produced the lowest emissions levels. The 
trends with fuel type were, however, the same for all four configurations. 

The emissions levels were highest with No. 2 Diesel fuel, intermediate with 
the blends, and lowest with normal JP-5 fuel. The shale Jet A fuel was 
hardly discernable from normal JP-5 fuel with respect to HC emissions levels, 
but the CO emissions levels were slightly higher. These results indicate that 
idle CO and HC emissions levels are influenced by both fuel hydrogen content 
(Wp) and fuel volitility as indicated by final boiling point (Tg) . As in- 
dicated in Figure 22, the CO emissions levels correlate quite well when 
corrected by the factor : 



As indicated in Figure 23, the HC emissions levels correlate quite well when 
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Figure 11. EKeel oi Fuel Type- on Standard 01'<i-50 Com 
busier Emissions at Idle Conditions. 
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Figure 21. Effect of Fuel Type on Double Annular Combustor Performance 
Simulated Takeoff Conditions, Configuration D13. 
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11C emissions levels were thus more dependent upon fuel hydrogen content than 
were CO emissions levels, but the effect of final boiling point was about 
the same for both HC and CO emissions levels. 


6.2 NOx EMISSIONS 


N0 X emissions levels were also highly configuration dependent. As 
illustrated in Figures 15, 17, and 19, the N0 X emissions levels at simulated 
takeoff conditions were highest with the standard production combustor and 
lowest with the Radial/Axial Staged Combustor, but with reduced combustion 
efficiency levels. The trends with fuel type were, however, the same for all 
four configurations. The N0 X emissions levels were highest with the aromatic 
blends and lowest with normal JP-5 fuel. As indicated in Figure 24, the N0 X 
emissions levels correlate quite well when corrected by the factor! 
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Final boiling point had no discernable effect on N0 X emissions levels, but 
fuel-bound nitrogen content did produce a measurable effect. 

The N0 X emissions levels with normal JP-5 fuel and the shale Jet A fuel 
are compared in Figure 25. The inlet air humidity varied considerably during 
these tests (4 to 14 gH 20 /kg air), so the emissions levels have been corrected 
to standard humidity (6.29 g/kg) . The shale Jet A fuel N0 X emissions levels are 
significantly higher than those with JP-5 fuel. This is attributed to partial 
conversion of the fuel-bound nitrogen to 110,, Conversion efficiencies from 
about 20 to 80 percent are indicated which are in general agreement with 
References 4 and 5. 


6.3 SMOKE EMISSIONS 


Smoke emission levels were generally very low with all four test configura- 
tions. As shown in Figure 26, the highest levels were produced bv the standard 
production combustor at idle operating conditions with No. 2 Diesel fuel. 

Results Indicate approximately the relationship: 
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T.n all of the other tests, smoke levels were virtually zero with any fuel. 
Older combustor designs utilized in References 4 and 5 had higher smoke levels 
and stronger effects of fuel hydrogen content were observed. Thus, advanced 
low smoke combustors appear to be relatively more tolerant to fuel properties. 


6.4 COMBUSTOR PERFORMANCE 


(•(‘ncra.l l.y , the effects of fuel type on combustor performance were very 
sm,)]], Mo <Uscernnb ,le effect on pressure loss or exit temperature distri- 
butions were observed. 

Combustion efficiency levels nt simulated takeoff conditions are. shown 
in Figure 27. All levels were virtually 100 percent except with the Radial/ 
Axial, Staged Combustor. Combustion efficiency levels for tine Radial /Ax J al 
Stnj-ed Combustor were somewhat lower with the aromatic blends than with dP-5 
or No. 2 Diesel fuels. 

Combustor peak metal temperature levels and locations were dependent 
upon both configuration and test condition. As illustrated in Fip.ure 28, 
the highest levels at simulated takeoff condition were found on the fourth 
panel of the outer liner of the standard production combustor. The results 
indicate approximately the relationship 

( T Uner,max ~ T 3) a (wj^ 

which is a much weaker effect than reported in References 4 and 5. For the 
low emissions configurations, the temperature levels were lower and virtually 
independent of fuel type. Thus, low smoke and low gaseous emissions com- 
bustor designs appear to be relatively insensitive to fuel hydrogen content. 

6.5 ALTITUDE R ELI Cl IT 



Altitude relight limits were approximately the same for all four test 
configurations and all four test fuels. However, these tests were conducted 
witl) ambient temperature air and fuel. Because of the higher flashpoint and 
viscosity of No. 2 Diesel fuel, greater differences could be expected with 
cold fuel and air. 


6.6 CARBON INC AND FLASHBACK 


Mo disccrnable carbon buildup on either the fuel nozzle or primary air 
swirler venturi was observed in either of the tests conducted with JP-5 and 
Blend II fuels. This result was expected, since the configurations had been 
previously developed in Phase II Program tests using a heavy distillate fuel. 
With less developed configurations, some differences between JP-5 and 
Blend li fuels might be expected. 

In the flah shack test of the Radial/Axial Staged Combustor, a flamebolder 
burnout, occurred while operating with the Blend B fuel at simulated takeoff 
conditions. The resulting burnout can be seen in Figure 7. 'Hie Blend 1! 
fuel had a low flashpoint compared to normal JP-5 fuel (314 vs 330° K) which 
may have caused flashback and subsequent, burnout. Thus, a potential problem 
with pre-mix systems is indicated, particularly with a fuel having a low 
flashpoi nt. 


SECTION 7.0 


SUTJMARY OF RKSl'ETS 


Tills series of tests provides a preliminary assessment of die n a *«ih 
impacts of using hydrocarbon fuels with physical and chemical properties 1 
significantly different from those of normal aviation llerLe^^n aircraft 
turbine engine combustor performance and exhaust emissions characteristics 

IT-Io f f th , tHe St3ndard * roductio " <**-50 combusted and ^o‘ 
NASA/pf v low- emissions design approach combustors which evolved in the 

NASA/GE Experimental Clean Combustor Program. For the five fuels tested 

XTilTu T o\7r tlea ” e T t0 be <-oJX ZT - 

Tanged f™ 5 2 Vto fi n^ /“'!% ? V ’? lRht! flnal Point, which 

neaf zero to 813 pp“ ' "itrogen content, which tanged Iron, 

in thI U dirp f Mn tS f neraUy qUite moderate > b ut well defined and 

in the directions anticipated, with respect to pollutant emissions 

Decreased 1 ^ 03 (C °’ HC ’ NOx ' ^ Sm ° ke) and peak linor temperatures. 
Decreased hydrogen content caused an increase in rn nr m a i i 

emissions levels and in peak liner^e^at're tarS blut 

point caused an increase in CO, HC and smoke amissions lewis but 1 

discernible effect on 1!0 X emissions levels or peak metal temperatures 

aboit 6 20 tfso^ f,K ,; b ° U " < ' " ltr0flCn “"version efficiencies' from 

about 20 to 80 percent depending upon operating conditions. 
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SECTION 8.0 


CONCT.UDT.no REMARKS 


In advanced low smoke combustors, like the CF6-50 combustor, fuel 
hydrogen content effects on Brioke and liner temperatures appear to be 
relatively small. Some increases in gaseous emissions levels were noted as 
hydrogen content and/or final boiling was increased. Overall, however, 
these results suggest that these advanced turbofan engines can probably 
accommodate a wider range of fuel properties end, thus, be satisfactorily 
operated with a broader range of petroleum fuels and fuels derived from 
shale or coal sources. 

The low emissions type combustors tested in this program appear to be 
even less sensitive to fuel hydrogen content and/or final boiling point. Thus, 
these combustors appear to offer additional promise for permitting the use of 
a wide range of alternate fuels in future engines. 

Additional testing is recommended to verify these trends as properties of 
future fuels become better defined and/or as actual fuels become available 
in sufficient quantities for more extensive testing. In particular, the 
following types of tests are recommended: 

1. Actual advanced turbofan engine operation. At high pressure, 
effects of fuel properties could be greater than indicated 
in these rig tests. 

2. Relight tests with cold fuel and air. Effects of fuel properties 
could be greater than indicated in these ambient temperature — 
rig tests. 

3. Fuel thermal stability related tests. In these short tests with 
ambient temperature fuels, no fuel nozzle gumming or plugging 
was indicated, but with hot, aromatic fuels, some problems might 
develop. 



APPENDIX A 
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DETAILED TEST RESDLTS 


■jlt is appendix contains summaries of the operating conditions, performance 
and exhaust emissions data for each test conducted in the Fuels Addendum. 


The full annular rip, performance and emissions test results are summarized 
in Tables A-I through A-IV. In these data tables, only the measured combustor 
airflows are shown for the sake of brevity. In conducting the tests, however, 
the total airflow and turbine cooling bleed airflows were set and measured. 
Nominally, the combustor airflow was 84 percent of the total inlet airflow. 
Reference velocity in these tables is based on total Inlet airflow, total ^ 
inlet density, and combuster housing area at the dome exit which is 3729 cm . 
Hie N0 X emissions indices are presented two ways: as measured at rig con- 

ditions and corrected to true engine operating conditions and standard inlet 
air humidity (6.29 gH 2 0/kg air). Average exit gas temperature was calculated 
from metered fuel-air ratio and gas sample combustion efficiency. Exit gas 
profile and pattern factors are based on uncorrected thermocouple readings. 

The 60° sector rig altitude relight results are summarized in Tables 
A-V through A-VII1. Simulated flight conditions were interpolated from the 
engine windmilling map (Figure A~l) using the measured airflow rate and inlet 
pressure. Successful lightoff is defined as full propagation as indicated by 
temperature rise from primary zone thermocouples downstream of each fuel 
nozzle. Blowout was visually determined. 

The 12° sector rig results are summarized in Table A-IX. 
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able- A -I . Emissions ai:c Performance Test Results. Standard 















Table A-III. Emissions and Performance Test Results, Double Annular Combustor, Configuration D7 
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nomenclature 


Carbon Monoxide Emissions 


Hydrocarbons Emissions 

(Assumed to have same composition as test fuel) 

Oxides of Nitrogen Emissions 
(Calculated as NO2) 


Emissions Index 
Flight Mach Number 


g pollutant/kg fuel 


Combustor Inlet Total Pressure 


atm 


Combustor Inlet Total Temperature 

Fuel Temperature 

Fuel Final Boiling Point 

Combustor Reference Velocity 

Compressor Discharge Airflow Rate 

Combustor Airflow Rate 

(M3) - (Turbine cooling airflow rate) 

Fuel Flow Rate 

Fuel Hydrogen Content by Weight 
Fuel-Air Ratio 


0 K 
0 K 
0 K 
m/s 
kg/s 
kg/s 


kg /hr 
g/g 
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